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The  Use  of  the  Glistening  Surface  Concept 
in  Rough  Surface  Scattering 

I.  INTROIH  CTION 


The  scattering  of  electromagnetic  waves  from  rough  terrains  depends  on  the 

1  2  3  4  5  6 

characteristics  of  the  rough  surface.  ’  ’  *  ’  ’  The  rough  surface  may  be  de¬ 
fined  in  terms  of  the  statistical  distribution  of  heights,  their  degree  of  correlation 

p 

(T  is  the  surface  correlation  length),  the  variance  of  heights  o  ,  and  the  complex 
dielectric  constant  associated  with  a  particular  type  of  terrain.  A  number  of  theo- 
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retical  models  describing  rough  surface  scattering  '  '  relate  these  parameters 
to  the  normalized  radar  cross  section  of  the  rough  surface.  In  these  models,  the 
surface  area  contributing  to  the  scattering  process  (glistening  surface)  is  defined 
in  different  forms.  This  report  contains  an  analysis  of  different  definitions  of  glis¬ 
tening  surface  and  the  constraints  on  their  use  for  analyzing  a  bistatic  radar  sys¬ 
tem  scattering  signals  from  terrain.  Three  distinct  situations  will  be  discussed. 

The  first  is  the  case  where  both  antennas  are  at  finite  heights  and  a  finite  sep¬ 
aration.  Three  subcases  are  discussed  that  depend  upon  the  relation  between  the 
dimensions  of  the  glistening  surface  and  the  antenna  heights.  Second,  there  is  the 
case  where  one  antenna  is  considered  to  be  at  infinity.  Finally,  there  is  the  com¬ 
plete  solution  in  which  the  azimuthally  varying  cross  section  is  integrated  over  the 
entire  signal  footprint.  This  solution  is  used  as  a  basis  for  comparison  with  the 
other  results  that  have  the  more  simplistic  <t°  values  in  their  integrations. 

1.1  Barkground 

In  previous  reports,  6  we  have  explained  that  RADC/EEC  has  a 

continuing  interest  in  improving  the  modeling  of  the  scattering  from  rough  surfaces. 
The  investigations  are  devoted  to  two  main  topics:  the  characterization  of  the  sur¬ 
face  and  the  electromagnetic  wave  scattering.  The  models  in  those  studies  are 
based  upon  physical  optics.  A  geometrical  representation  of  scattering  from  a 
surface  is  shown  in  Figure  1.  In  the  studies  of  this  present  report,  the  azimuthal 
and  elevation  patterns  shown  in  Figure  2  correspond  to  the  antenna  located  at  the 
higher  altitude.  The  lower  antenna  has  an  isotropic  pattern,  and  the  other  system 
parameters  are  typical  of  those  of  the  earlier  reports. 

The  results  of  these  investigations  have  implications  for  estimating  radar  sys- 

5 

tern  performance.  It  was  shown  earlier  that  extended  definitions  of  the  glistening 
surface  can  give  much  more  accurate  diffuse  power  estimates  than  those  given  by 
the  conventional  radar  engineering  approach  formulated  by  Barton  and  Ward.  ^ 
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Figure  1.  Schematic  Representation  of  Rough  Surface  Scattering 


1 .2  Scope 

The  report  discusses  the  basic  limitations  of  the  definitions  and  modifications 
that  can  be  introduced  when  it  is  desired  to  apply  the  glistening  surface  models  to 
cases  that  are  not  consistent  with  the  original  assumptions  contained  in  the  theory. 
The  results  obtained  using  different  models  are  compared  and  discussed. 


2.  GLISTENING  SERFAGE  DETERMINATION 

In  studies  of  scattering  from  rough  surfaces,  investigators  have  made  wide 
use  of  the  concept  of  glistening  surface.  The  glistening  surface  is  defined  as  that 
part  of  the  rough  surface  that  reflects  a  significant  amount  of  the  transmitted  en¬ 
ergy  into  the  receiver  for  a  given  set  of  antenna  positions. 

7 

Beckmann  and  Spizzichino  have  derived  a  number  of  equations  describing  the 
boundaries  of  the  glistening  surface  and  the  associated  normalized  rough  surface 
scattering  cross  section.  The  different  forms  apply  to  a  number  of  sets  of  condi¬ 
tions  and  configurations  of  the  antennas.  The  form  that  has  received  wide  usage 
is  the  one  where  it  has  been  assumed  that  both  the  transmitting  antenna  height, 

H^,  and  the  receiver  height,  lip,  are  small  compared  to  the  separation,  d,  be¬ 
tween  them  (definition  1).  There  are  a  number  of  additional  assumptions  in  the 
derivation  of  this  result,  and,  since  it  has  been  applied  extensively,  it  is  worth 
examining  the  implications  of  these  assumptions  for  the  range  of  validity  of  the 
equations. 

We  begin  by  listing  some  general  assumptions  in  their  formalism.  These  in¬ 
clude  the  following: 

(1)  It  is  assumed  that  the  normalized  rough  surface  scattering  cross  section 
(7°  is  derived  under  the  conditions  of  physical  optics; 

(2)  It  is  assumed  that  the  surface  heights  can  be  described  bv  a  bivariate 
Gaussian  or  exponential  statistical  distribution;  and 


V  A  fLi  ,i  ,tL 
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(3)  It  is  assumed  that  the  Rayleigh  roughness  parameter 


E-  [( 2nalk)(cos6 i  +  cos  &s)] 
is  much  greater  than  one, 

where  o  =  standard  deviation  in  surface  height, 

A  =  wavelength, 

0^  =  angle  of  incidence, 

and 

=  scattering  angle  (elevation). 

The  derivation  of  the  boundary  of  the  glistening  surface  then  proceeds  by  con¬ 
sidering  the  linear  bisector  of  the  angle,  4  TPR,  in  F igure  3.  This  bisector  makes 
an  angle,  4  /4,  with  the  vertical  z-axis. 

This  angle  is  related  to  the  electromagnetics  of  the  scattering: 


where 


v 

xy 


n>  2 

-  -  vy 


and  vx,  Vy,  vz 


are  direction  cosines  of  the  difference  vector  ^  -  k^,  and  k.  and  k^  are  the 
incident  and  reflected  em  wave  vectors,  respectively.  If  we  define  a  roughness 
factor.  Tan  f}Q  =  (2a  IT)  where  a  is  the  standard  deviation  of  the  surface  heights  and 
T  is  the  surface  correlation  length,  then  we  can  express  the  normalized  rough  sur¬ 
face  cross  section  a0  as: 

(7°  a  exp  ) -tan/?/tan/3o  j  (Bivariate  exponential  surface) 

and 

o° a  expj-tan”/?/tan  Po(  (Bivariate  Gaussian  surface) 


Thus,  from  the  electromagnetics,  we  define  the  glistening  surface  as  the  region 


Special  Conditions  for  Points  A  ond  B  on  X  Coordinate  Axis 

l  k' ure  3.  Standard  Glistening  Surface  Geometrical  Representations:  (a)  Arbitrary 
Boundary  Point,  and  (b)  Axial  End  Points 

u  here  •)/?<.  ■/ /?  ,  which  is  equivalent  to  the  region  for  which  the  scattered  power  is 
equal  to  or  greater  than  1/e  of  its  maximum. 

Under  the  condition  that  11  and  IIT«d,  the  x-axial  distances  from  the  two  an¬ 
tennas  to  the  ends  of  the  glistening  surface  are  (Figure  3): 

I  T'A  H  a  cot 2 /?o  and  I..,  IP  B  =  IIT  cot20o. 

-Next,  by  expressing  the  direction  cosines  of  this  bisector  as  a  linear  combina¬ 
tion  of  the  direction  cosines  of  the  lines  W  and  PR,  and  using  the  normalization 
condition  on  the  direction  cosines,  it  is  possible  to  derive  the  equation  for  the 
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.1 


E  = 

This  is  iiot  a  convenient  form  for  general  application  because  iterative  procedures 
have  to  be  used  to  solve  for  the  width.  However,  we  can  use  it  here  to  evaluate 
the  effects  in  some  specific  instances.  This  will  allow  us  to  see  how  including  the 
complete  azimuthal  angular  dependence  affects  the  extent  of  the  glistening  surface 
w  idth. 

The  results  for  roughness  levels  where  1 <  7r/4  are  not  surprising.  The 
width  values  using  the  assumptions  of  the  standard  definition  are  small  compared 
with  t.ht.*  separations  (x.,x9).  Indeed,  the  iterated  solutions  including  the  complete 
azimuthal  dependence  are  indistinguishable  from  the  classical  values.  For  larger 
m  i _■  hiii-s scs,  though,  where  the  widths  are  nonzero  even  at  the  antenna  positions, 
expected  to  see  considerable  differences.  Figure  13,  Figure  14,  and  Figure  15 
show  the  results  for  <7“  10  m“  and  T  =  2  m  at  the  three  separations.  This 

eorre.-ivuids  to  IB  72.45°.  Even  in  these  cases  where  the  widths  reach  the  or- 

O 

•In*  of  several  kilometers,  the  2  B  standard  and  the  iterated  solutions  are  virtual - 
Is  u lentil  al  at  the  two  longer  separations,  and  for  the  9km  case  they  are  similar 
e\e.*pt  for  distances  less  than  twice  the  respective  antenna  heights.  It  is  interest - 
m:  to  note  that,  at  those  distances,  the  standard  width  values  exceed  the  iterated 
-  elution  i  which  contains  no  assumptions  on  the  relative  smallness  of  the  heights 
and  widths!.  This  is  consistent  with  the  results  found  when  the  height  restriction 
was  removed  (see  I  igure  11).  These  figures  also  show  that  the  modified  (d-*-*) 
results  are  Similar  to  and  even  wider  than  the  other  values. 

These  discussions  of  the  various  width  calculations  have  shown  a  number  of 
interesting  patterns.  For  larger  roughness  values,  the  standard  2  fi  definition  is 
in  good  agreement  with  the  more  complicated  solutions  of  the  less  restrictive  def¬ 
initions.  This  holds  true  even  for  cases  where  the  basic  concepts  implicit  in  the 
definition  have  been  violated  (■}/?)>  450).  At  smaller  roughnesses  (T  =  200m, 

500  ml,  there  is  less  agreement  with  the  alternative  definitions,  particularly  at 
the  shorter  separations  where  the  2 fi  surface  vanishes  (l.j  -  I..,  >d).  There,  the 
PI-*.  *)  definition  has  a  finite,  relatively  small  surface.  It  should  be  noted  that  if 
the  l  .|  and  i constraints  are  neglected,  the  surface  generated  by  the  standard 
definition  for  these  conditions  is  the  same  as  the  alternative  result.  This  serves 
to  confirm  that,  for  those  conditions,  the  assumptions  implicit  in  the  I.j  and  I.., 
determination  have  been  violated  as  a  result  of  the  short  separation  distance.  The 
alternative  result  is  still  valid  even  though  the  separation  is  not  particularly  infi¬ 
nite,  compared  with  the  55km  or  90km  cases. 

The  point  to  emphasize  here  is  that  there  is  a  clear  distinction  in  the  calcula¬ 
tion  of  the  t  wo  dimensions  of  the  glistening  surface  and  that  the  basic,  simple  def¬ 
inition  can  be  used  to  give  surfaces  that  agree  with  the  more  complicated  formal - 


A 
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fact  that,  for  this  roughness,  I.j  and  I-9  are  small  in  the  first  definition.  Tins 
introduces  the  additional  complication  that  near  either  end  of  the  surfa<  e,  th*-  .  on- 
dition  that  H^<  Xj,  or  1Lj,<  x9  is  not  satisfied.  The  question  is  what  eMe.-t  vio¬ 
lating  the  condition  has  on  the  width  of  the  surface.  To  resolve  this,  we  -how  the 
results  for  a  revised  definition  where  the  restriction  is  not  included.  I  hose  width 
values  are  shown  in  the  figures  as  crosses  (t).  At  D  =  30  NM1  and  D  =  'n  NMI, 
we  see  that  the  widths  are  only  minimally  altered  bv  that  assumption  an  :  that,  . uh  e 
the  distance  has  exceeded  tv.  me  the  height,  the  two  surfaces  are  e:pm  ah  ni .  \t 
D  s  5  NMI,  the  shapes  are  similar  near  the  transmitter  and  show  real  Intel  era  es 
only  when  x9  <  H^,,  in  which  region  the  two  widths  are  decreasing  ranidlv. 

1.  \\  VI  A  SIS 

The  discussions  of  these  figures  have  pointed  out  how  increasing'  muchm-s- 
affects  the  first  Beckmann  and  Spizzichino1  definition  results.  As  tan/f^  increases, 
L.j  and  L.;  decrease  and  the  height  to  x-axis  ratio  condition  is  no  longer  satisfied 
along  the  entire  surface.  From  Figure  10,  it  is  clear  that,  as  the  roughness  con¬ 
tinues  to  increase,  I.j  and  I.9— ►o.  When  4.2/3 -*■  00°,  the  entire  geometric  formal¬ 
ism  breaks  down.  At  even  smaller  angles,  the  condition  that  v<  \j,x9  is  becom¬ 
ing  questionable.  For  instance,  in  Figure  12  we  see  that,  even  for  -  30°, 
there  are  points  at  which  v  is  one-half  the  corresponding  x  distance. 

This  raises  two  questions.  The  first  is  how  relaxing  the  v  constraint  affects 

the  width.  The  second  is  what  the  considerations  are  when  4  ft  >7r/4.  In  the  two 

r '  o 

preceding  width  derivations,  the  assumption  that  v  is  small  simplified  the  angular 
component  relationships.  If  we  remove  that  condition,  we  can  follow  the  same 
procedures  as  before,  but  the  result  is  more  complex.  We  arrive  at  a  form: 


where 

(  IX“  -  1 1  ) 

and 


HA  =  101  M 
HT  *  1220  M 
d  =8987  M 


<r2=  10  M2 


- STANDARD  GS  DEFINITION 

- ALTERNATIVE  GS  DEFINITION 

(x)  STANDARD  GS  (H-*X) 


Figure  12.  Glistening  Surface  Dimensions  for  Both  Definitions,  Short 
Antenna  Separation,  Rough  Surface  (cr/T  =  .33) 


Figure  8.  Glistening  Surface  Dimensions  for  Both  Definitions,  Large 
AnTenna  Separation,  Slightly  Rougher  Surface  (a/T  =  .015) 


F  igure  '■).  Glistening  Surface  Dimensions  for  Roth  Definitions,  Inter 
mediate  Antenna  Separation,  Slightly  Rougher  Surface  (<j/T  -  .  015) 


X,  (KM) 


Figure  7.  Glistening  Surface  Dimensions  for  the  Alternative  Definition,  Short 
Antenna  Separation,  Smooth  Surface  (<?/T  =  .  006) 


Figure  8  and  Figure  9  show  the  same  comparisons  for  the  case  where 
2  2 

a  =  10m  and  T  =  200m.  This  is  a  slightly  rougher  surface  than  before,  but  the 
condition  that  hj<  and  h^<  x 2  is  still  valid  over  the  extent  of  the  glistening  sur¬ 
faces.  As  before.  Figure  8  shows  the  results  at  D  =  50  NMI,  and  Figure  9,  at 
D  =  30  NMI,  The  5  NMI  result  isn't  shown  since  the  first  definition  again  results 
in  a  nonexistent  surface.  The  surface  for  the  second  definition  is  determined  by 
the  first  condition  and  is  a  small  finite  region,  as  was  the  case  in  Figure  7.  The 
second  criterion  of  the  second  definition  applies  at  D  =  30  NMI  and  D  =  50  NMI, 
and  we  have  continuously  increasing  widths  as  Xj  increases.  Since  Lj  and  L ^  are 
smaller  in  these  instances,  the  first  definition  surfaces  are  longer  and  the  agree¬ 
ment  between  the  two  models  is  quite  reasonable  for  over  half  the  separations. 
Again,  the  condition  that  y<  Xj,Xg  is  satisfied  for  the  first  definition. 

Figure  10,  Figure  11,  and  Figure  12  show  the  comparisons  for  a  much  rougher 

2  2 

surface  at  the  three  selected  separations.  Here  a  -  10m  and  T  =  10m.  For 
these  conditions,  the  surface  of  the  second  definition  is  always  controlled  by  the 
second  condition  on  ■]  6,  and  hence  continues  to  increase  in  width  as  Xj  increases. 

At  all  three  separations,  the  two  surfaces  are  quite  similar.  This  is  related  to  the 


16 


Note  that  in  this  derivation,  the  assumption  that  y«Xj,x9  is  still  required. 
This  formulation  allows  us  to  consider  all  Xj,  x2  values  such  that  •{  2  j3Q  <  90°  or 
•[/?  <  45°^(j/T  <  0.  5.  Before  addressing  the  width  assumptions,  we  can  look  at 
some  results  for  the  various  definitions  to  clarify  the  situation  discussed  so  far 


:t.  l  I.VI  KI)  SI  KFA<  KS 

In  I-'igure  5  through  15,  we  will  consider  three  values  of  and  will  vary  the 
separation  of  the  antennas  from  5  N MI  to  30  NMI  and  then  to  50  NMI.  This  offers 
us  the  opportunity  to  analyze  a  wide  range  of  conditions.  For  these  cases,  the 
heights  are  fixed  at  11^  101  m  and  11,^  =  1220  M.  This  corresponds  to  heights 

that  we  have  used  in  earlier  studies,  and  the  implications  of  those  values  will  be 
discussed.  For  this  comparison,  we  consider  that  the  heights  are  less  than  the 
separation,  y  <  d,  and  y<  Xj,  x.,.  We  will  examine  the  question  of  height  to  Xj 
and  x9  ratio.  From  the  point  of  view  of  the  second  definition,  the  selected  condi¬ 
tions  have  d  — *-  *  (except  possibly  the  cases  where  d  *  5  NMI). 

In  Figure  5,  we  show  both  sets  of  results  for  the  boundary  of  the  glistening 
surface  for  the  case  where  a 2  =  10  m2  and  T  =  500  m.  The  roughness  is  sufficient¬ 
ly  small  so  that  the  respective  antenna  heights  are  always  less  than  the  x-dis- 
tances.  At  this  separation,  50  NMI,  the  surface  given  by  the  first  definition  ex¬ 
tends  for  half  the  total  distance.  The  surface  obtained  from  the  second  definition 
is  in  reasonably  good  agreement  out  to  about  x^  =  30km.  However,  since  the  an¬ 
gle  f  y<  1°,  the  surface  continues  to  grow  indefinitely  rather  than  being  cut  off, 
and  would  have  to  be  terminated  by  a  radar  horizon  condition.  Thus,  there  is  a 
considerable  difference  in  the  surfaces  close  to  the  receive  antenna. 

Figure  6  shows  the  same  case  for  a  separation  of  30  NMI.  As  in  the  preced¬ 
ing  figure,  the  second  definition  leads  to  a  continuously  growing  width.  In  contrast, 
for  the  first  definition,  the  Lj  and  l.g  values  are  almost  equivalent  to  D,  and  that 
surface  extends  only  over  a  short  distance  near  the  transmitter.  Thus,  over  most 
of  the  separation,  the  two  definitions  lead  to  drastically  different  results  for  the 
predicted  glistening  surface  width. 

Figure  7  shows  the  result  for  the  same  conditions  when  the  antenna  separation 
has  been  reduced  to  5  NMI.  At  that  distance,  the  standard  definition  results  in  the 
combined  Lj  and  I-9  values  exceeding  D  so  that  there  is  no  glistening  surface.  For 
the  second  case,  if  we  consider  that  I)  =  5  NMI  is  sufficient  to  satisfy  the  condition 
that  I  >  —  ,  then  t  V«H°.  Thus,  the  first  condition  on  6  applies  rather  than  the  se¬ 
cond,  and  we  obtain  a  glistening  surface  of  finite  extent  that  is  relatively  short  in 
length  and  width,  a  trend  consistent  with  the  nonexistent  surface  result  of  the  first 
definition. 
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y  -20o<  6  <  y  +2y9o 


o  <«5  ?r/2 


-  n<  a  <  n 


These  angular  limits  are  equivalent  to: 


*i  =  cosa  coU 


y  =  sin  a  cot  6 


It  should  be  noted  that  the  form  for  Eq,  (2)  presented  here  is  not  the  same  as  the 

7 

equation  given  in  Section  12.4  of  Beckmann  and  Spizzichino  for  the  case  where 
the  transmitter  is  very  far  from  the  receiver.  There,  the  squaring  of  the  sum  of 
sine  terms  has  been  omitted. 

The  difficulty  with  this  approach  is  that  the  constraints  initially  are  in  terms 
of  angular  relations  rather  than  the  straightforward  (x^,y)  conditions  of  the  pre¬ 
ceding  case.  One  of  the  questions  addressed  in  this  report  is  whether  it  is  rea¬ 
sonable  to  adopt  this  more  complicated  formulism  for  cases  where  the  height 
becomes  relatively  large.  The  alternative  to  be  considered  is  the  magnitude  of 
the  error  of  the  first  result  when  the  original  assumptions  are  no  longer  strictly 
valid.  Associated  with  this  is  the  reexamination  of  the  (Xj,y)  boundary  values 
when  those  constraints  have  been  relaxed. 

To  carry  out  this  analysis,  we  consider  the  two  coordinate  limits  separately. 
If  we  look  at  the  coordinates  of  the  glistening  surface  (bounded  by  Lj,  L ^),  we 
see  that,  as  long  as  /3q  is  small,  all  such  points  satisfy  the  assumption  that 
xl  > >Ha  and  x9  •  'H^,.  As  ft  increases,  though,  some  points  near  the  ends  of  the 
surface  may  not  satisfy  this  assumption.  The  next  point  is  that,  if  we  remove 
that  constraint,  we  can  derive  a  new  expression  for  the  width  of  the  glistening  sur 
face  that  does  not  require  Xj  and  fi^,«x2.  The  result  is: 


(x,  x..\  l  (sinT,  +  sin>’9)  “  „ 

— — -) - -  - - TAN2  fi  - 

d  /  |  cos  Vj  cos  ° 


cos  Vj  cos  r9 


(  cos  -  cos  >2 ) ' 
cos  cos  X, 


where 


TAN  >'  = 


and  TAN  Y„  = 


Thus,  the  transmit.  ,1  is  assumed  to  be  located  very  far  from  the  receiver  (see 
Figure  4). 


Figure  4.  Geometrical  Representation  of  Glistening  Surface  for  System 
With  One  Antenna  at  Infinity 

Here  again,  the  equation  for  the  boundary  of  the  glistening  surface  can  be  de¬ 
rived  by  considering  the  direction  cosines  of  the  linear  bisector  of  the  angle  •(  HPT. 
This  line  makes  an  angle  ji  with  the  z-axis.  By  expressing  the  direction  cosines 
of  the  bisector  as  a  linear  combination  of  the  direction  cosines  of  lines  PT  and  PR, 
setting  the  angle  ft  equal  to  and  using  the  normalization  condition  for  the  direc¬ 
tion  cosines,  we  can  derive  the  following  equation  for  the  boundary  of  the  glistening 
surface: 


where  the  angles  a,  y,  and  6  are  defined  in  Figure  4.  For  the  boundary,  -j  a  and  |  6 
are  confined  to  the  following  intervals: 


y -coord inate  of  the  boundary  of  the  glistening  surface: 


rGs 


(i) 


For  this  result,  several  additional  assumptions  have  been  required.  These  in¬ 
clude: 

(4)  The  y-coordinates  of  the  glistening  surface  boundary  are  less  than  and 
Xg  that  is 


y«xi*  x2 

where 

Xj  =  x-coordinate  of  point  on  glistening  surface  boundary, 

and 


x..,  =  d  -  Xj  (see  Figure  3); 

(5)  The  angle  /3^  is  small;  and 

(6)  The  antenna  height,  11^,  and  the  receiver  height,  H^,,  are  small  compared 
to  Xj  and  x.;,  that  is, 

UA'  X1  and  V'x2* 

The  effects  of  these  limiting  assumptions  will  be  discussed  in  detail,  but  first  we 
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wish  to  introduce  an  alternative  definition  that  Beckmann  and  Spizzichino  derive 
for  slightly  different  constraints.  In  this  new  case,  definition  2,  assumptions  (1) 
through  CO  are  still  valid,  but  assumptions  (4)  through  (6)  have  been  replaced  by 
an  alternative  set  of  assumptions.  For  this  case,  we  have: 

d  -»>  * 

and/ or 


1  1 


l 


•  V  V  V  v 

.A* ,  -A  JV .  . . 


V  V 


.  .ft.  n.  HtfcO  £t 


isms,  ss  lone  as  smi.e  cure  is  used  in ‘lie  application  o!'  tin-  conditions  oi'  the 
lentil ii  dele r:i,inat ion. 
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We  have  discussed  the  assumptions  and  limitations  of  carious  glistening  sur¬ 
face  dimensions  for  different  conditions.  To  continue  our  analysis,  we  turn  to  the 
question  of  how  using  these  different  concepts  affects  the  calculated  diffuse  power 
scattered  from  the  surface  under  those  conditions. 

The  basic  formalism  for  the  standard  calculation  is  discussed  in  earlier  re- 
1  ’’  'i 

ports.  *”*'  We  use  the  centerline  crn  value  in  the  model  and  assume  it  applies 
across  the  entire  width.  In  their  discussion  of  the  second  definition,  Beckmann 
and  Spizzichino*  represent  the  power  as  a  constant  term  times  the  integrated  area 
of  the  surface,  in  our  interpretation  of  the  power  scattered  by  the  surface  gener¬ 
ated  by  that  definition,  we  again  make  use  of  the  centerline  <r°  distribution  and  mul 
tiply  it  by  the  associated  width  at  that  point. 

In  both  of  these  cases,  the  variation  of  <7°  with  azimuthal  angle  has  been  ne¬ 
glected,  In  order  to  evaluate  the  results  of  the  calculations,  we  carried  out  the 
complete  analysis  in  which  the  actual  azimuthal  variation  of  a0 is  included  and  the 
power  is  integrated  over  the  radar  footprint  for  the  entire  separation  rather  than 
the  glistening  surface.  The  details  of  this  solution  can  be  found  in  Papa  et  al.  ® 
The  distinctive  features  of  these  models  are  summarized  in  Table  1. 

Results  for  the  case  o~  =  10m~  and  T  =  500  m  for  the  exact  azimuthally  vary¬ 
ing  a0  model  are  shown  in  Figure  16.  The  diffuse  scattered  power  in  this  figure 
is  shown  as  a  function  of  the  separation  between  the  two  antennas.  For  analytical 
purposes,  it  should  be  recalled  that  the  three  locations  at  which  glistening  sur¬ 
faces  have  been  examined  correspond  to  9  km,  55krn,  and  92  km.  The  largest 
amounts  of  diffuse  scattered  power  occur  at  short  separations.  The  power  drops 
sharply  out  to  a  distance  of  15km  and  then  tapers  off  more  gradually,  decreasing 
to  a  level  four  orders  of  magnitude  below  the  original  levels  by  a  separation  of 
55  km. 

In  f  igure  17,  the  standard  definition  (2/5M  results  are  shown  for  the  same 
roughness  factor.  At  separations  less  than  52  km,  the  glistening  surface  does  not 
exist  under  this  definition,  so  there  is  no  diffuse  power.  At  greater  separations, 
the  power  is  insensitive  to  separation. 

Figure  18  shows  the  corresponding  variation  for  diffuse  scattered  power  when 
the  second  definition  (d-*-*)  is  used  in  the  calculation.  For  separations  greater 
than  55  km,  the  two  results  are  similar,  with  the  second  case  exceeding  the  first 
by  about  a  factor  of  two.  At  shorter  separations,  though,  this  definition  does  not 
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Table  1.  Summary  of  Scattering  Model  Cases 


Case 

Properties 

Definition  1 

Centerline  a° 

HA*  HTK<  x1»  X2 
y  «  Xj,  X2 

Definition  1A 

Constraint  on  H^,  H^.  removed 

Definition  IB 

Constraint  removed  on  H^,  H,p,  and  Y 

Definition  2 

Centerline  cr° 

Separation  infinite  and/or  height  of  one 

antenna  infinite 

Standard  of 

Comparison 

a0  includes  azimuthal  variation 

Integration  over  entire  radar  footprint 

preclude  the  existence  of  a  glistening  surface.  Thus,  diffuse  power  is  scattered 
at  a  fairly  constant  level  until  the  separation  decreases  to  less  than  15km.  There, 
the  power  curves  show  a  dip  followed  by  a  return  to  the  original  levels.  Given  the 
similarity  in  results  at  larger  separations,  the  question  arises  as  to  how  the  power 
for  the  two  definitions  would  agree  if  the  Lj  and  conditions  on  the  original  defi¬ 
nition  surface  were  relaxed.  The  scattered  power  for  that  case  is  shown  in  Fig¬ 
ure  1.9.  It  is  clear  that,  for  separations  less  than  55km,  this  extended  length  case 
gives  power  levels  consistent  with  those  of  the  (d— *-  *)  definition. 

Before  continuing  with  general  discussions  of  the  models  and  comparing  the 
results  with  the  more  exact  case  we  can  use  our  calculated  glistening  surface 
shapes  at  the  three  specific  separations  to  interpret  the  results  for  the  two  defini¬ 
tions  of  glistening  surface. 

At  55km,  the  two  results  are  slightly  further  apart  in  power  than  at  92  km, 
but,  in  both  instances,  the  agreement  is  quite  close.  This  is  significant  in  terms 
of  the  depicted  surfaces  in  Figure  6  and  Figure  5.  In  both  instances,  the  differ¬ 
ence  in  dimensions  is  considerable,  particularly  at  55  km.  To  place  this  in  per¬ 
spective,  we  have  constructed  the  curves  representing  the  variation  in  centerline 
a0  across  the  antenna  separations  as  a  function  of  roughness  for  the  three  dis¬ 
tances  discussed  in  the  report.  Figure  20  shows  the  variation  for  D  =  5N1UI,  Fig¬ 
ure  21  is  fo"  I)  20  AMI,  and  Figure  22  corresponds  to  D  =  50  NMI.  In  these  fig¬ 
ures,  we  see  that,  as  the  rouehness  decreases,  the  value  of  cr0  begins  to  be  con- 
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Figure  21.  Centerline  Variation  of  0°  for  Different  Roughness  Levels,  Inter¬ 
mediate  Antenna  Separation  (D  =  fi5km) 


fined  to  a  narrow  region  near  the  specular  point  and  the  peak  value  becomes  sharp¬ 
ly  higher  than  for  the  uniformly  distributed  o°behavior  at  larger  roughness  condi¬ 
tions.  The  case  of  interest  here  is  that  for  a/T  =  .006.  At  55  km,  we  see  that,  by 
the  end  of  the  classical  2 surface,  <r°has  dropped  to  less  than  half  its  peak  and 
continues  to  fall  beyond  that  point.  The  result  is  that  the  two  definitions  have  simi¬ 
lar  power  levels  despite  the  disparity  in  surface.  At  92  km,  similar  results  occur. 
There,  the  2/3q  surface  is  considerably  longer  than  at  55  km,  so  the  agreement  in 
power  levels  is  even  closer.  At  9  km,  the  2 /3q  surface  is  nonexistent  and  the  alter¬ 
native  surface  is  the  finite  ovoid  shown.  The  <7°  variation  is  not  significant  in  that 
instance.  It  should  be  pointed  out,  though,  that  the  power  for  the  relaxed  length 
case  does  agree  at  that  separation.  Since  the  two  surface  widths  are  similar  at 
that  separation,  if  Lj  and  Lg  are  not  imposed  that  result  is  to  be  expected. 

Now  that  we  have  analyzed  the  behavior  of  the  diffuse  scattered  power  as  given 
by  the  two  glistening  surface  definitions,  we  compare  those  results  with  the  calcu¬ 
lated  power  when  the  azimuthal  variation  in  <r°is  included  in  the  calculation.  The 
comparisons  show  that  beyond  55  km,  where  results  exist  for  the  two  definitions, 
tlie  result  of  not  including  azimuthal  a 0  variations  is  to  overestimate  the  diffuse 
scattered  power  by  at  least  two  orders  of  magnitude  (20  dB).  At  shorter  separa¬ 
tions,  we  can  compare  only  the  second  definition  solution.  We  see  that  the  neglect 
of  azimuthal  variation  gives  the  result  that  the  power  stays  relatively  constant, 
while  in  the  correct  solution,  the  value  gradually  increases.  At  15km,  there  is  a 
further  discrepancy.  There,  the  azimuthal  solution  rises  sharply  while  the  center- 
line  model  shows  a  decrease  in  power.  It  should  be  noted  that  the  solution  of  Fig¬ 
ure  19  also  shows  a  similar  pattern  at  that  separation,  which  is  associated  with  a 
decrease  in  the  calculated  width. 

(>.  m\<  i.i  sion 

The  conclusion  is,  first,  that  the  use  of  centerline  a0  models  can  lead  to  cal¬ 
culated  diffuse  power  levels  that  are  in  disagreement  with  the  results  for  the  model 
in  which  both  the  azimuthal  variation  in  <7°is  taken  into  account,  and  the  integra¬ 
tion  is  always  across  the  extent  of  the  radar  footprint  rather  than  the  calculated 
glistening  surface  width. 

Secondly,  by  careful  consideration  of  the  length  constraints,  the  basic  defini¬ 
tion  width  rletermination  can  be  used  as  well  as  more  complicated  forms. 

Thirdly,  even  when  the  assumptions  limiting  the  width  have  been  violated,  the 
results  obtained  using  the  basic  definition  are  still  quite  reasonable.  Thus,  there 
is  no  real  justification  for  introducing  the  more  complicated  formalisms  for  the 


determination  of  the  glistening  surface  width  that  do  not  contain  the  limitations  im¬ 
posed  by  the  original  simplifying  assumptions. 
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